Abstract-This letter presents a high dynamic range CMOS active pixel structure operating at a sub-1-V supply voltage, which is implemented using a standard 0.18-µm CMOS logic process. In order to improve the output voltage swing range and associated pixel dynamic range at a low supply voltage, a pMOS reset structure is incorporated into the pixel structure along with a photogate pixel structure based on the self-adaptive photosensing operation. At a low supply voltage of 0.9 V, the new pixel provides an output voltage swing range of 0.41 V and a high dynamic range of 86 dB, which is the highest among the reported pixel structures up to date operating at sub-1-V.
I. INTRODUCTION
T HE LOW-VOLTAGE operation of CMOS active pixel sensors (CAPSs) has been a key performance requirement for portable devices, such as personal digital assistants, cell phones, and digital still cameras [1] - [3] . The pinned photodiode (PPD)-based four-transistor pixel is widely used in CAPSs due to the low noise level and high sensitivity [2] , [3] . However, the PPD-based pixels have shown some limitations in pixel operation especially at low voltage mainly due to the incomplete charge transfer and difficulty of full depletion in the PPD, which result in a high random noise level [1] - [3] . As a result, the conventional three-transistor (3-T) pixel structure is usually favored for a low-voltage pixel operation due to the larger room for the optimal biasing condition. However, it has also been found that the performances of the 3-T pixel such as the output voltage swing range and dynamic range are significantly degraded with downscaling of the supply voltage [4] - [6] . As an approach to increase the output voltage swing range and the related dynamic range of conventional 3-T pixel sensors, bootstrapped reset pulse techniques have been proposed [5] , [6] . The limitation associated with the bootstrapping technique is that it can give rise to the hot-carrier-related reliability problems in a submicrometer technology, which significantly reduces the circuit lifetime [6] . Another approach to achieve a low-voltage operation is to use a complementary active pixel structure [7] , which can allow pixel operation at a supply voltage in a range of 1 V. However, the complementary active pixel structure shows a low dynamic range and an increased pixel complexity. As another approach to increase the dynamic range, the logarithmic 3-T pixel structure has been proposed [8] , but its small output voltage swing range and large dark current level usually result in a low signal-to-noise ratio and low sensitivity at low illumination intensity [9] . In this letter, a new pixel structure with a high dynamic range operating at a sub-1-V supply is proposed and implemented based on a self-adaptive photosensing operation using a standard 0.18-µm CMOS logic process. To achieve these performances, a pMOSFET is incorporated in the new pixel design as a reset transistor along with the optimized self-adaptive photogate active pixel structure [10] , [11] . The details of the pixel structure and performance characteristics are discussed in the following sections.
II. NEW PIXEL STRUCTURE AND OPERATION
The schematic layout of the new pixel with a shared pMOSFET is illustrated in Fig. 1(a) . A new photogate pixel structure is incorporated into the new pixel design for the optimized self-adaptive photosensing operation [8] . As shown in Fig. 1(a) , a typical pMOSFET in an N-well structure is used as a reset transistor to increase the output voltage swing range [6] , [12] . The pMOSFET is located only at one end of each row in a 3 × 3 test array, so that the fill factor is not reduced by using a proper layout design. The layout of the proposed pixel structure can be further optimized for larger-scale pixel arrays. In order to reduce the dark current, the photodiode region of the pixel is surrounded by the photogate structure to isolate from the defective shallow trench isolation region, as shown in Fig. 1(a) [10] , [13] . The conceptual equivalent circuit diagram of the new pixel structure is shown in Fig. 1(b) . The basic operating principle of the new pixel is the same as that of the previously demonstrated pixel structure [10] . The new pixel structure can provide the self-adaptive photosensing operation, which also allows to increase the well capacity (Q well ) by a large value of C int [10] . For the proposed pixel structure, the enhanced dynamic range can be obtained from the significantly increased Q well as well as the reduced dark current level by the optimized photogate design. A positive bias voltage (V PG ) is applied at the photogate for optimizing the high dynamic range based on the self-adaptive photosensing operation [10] . For the reset operation, a reset voltage of 0 V is applied at the gate of the pMOSFET [6] . Hence, the new pixel can exhibit a high dynamic range and a wide output voltage swing range at a given supply voltage. Fig. 2 shows the measured capacitance-voltage (C-V ) characteristics of C int versus V int at a photogate voltage of V PG = 0.9 V, where C int represents an integration capacitance at the node of V int in Fig. 1(b) . The new proposed pixel exhibits the dynamic capacitance characteristics of C int , which lead to the self-adaptive photosensing operation [10] . As shown in Fig. 2 , the new pixel shows a large value of C int at V int below 0.7 V. This is mainly due to the contribution of the large gate-drain capacitance (C GD = C OX = ε ox · A PG /T OX ) arising from a thin gate oxide thickness (T OX ) to the internal node through the coupling with C PD [4] , where C OX is the oxide capacitance of the photogate, ε ox is the dielectric constant of the gate oxide, and A PG is the area of the photogate. At V PG = 0.9 V, the dynamic range of the proposed pixel is measured to be 86 dB for an integration time of 700 µs, which shows a large improvement of more than 15 dB compared to the previously reported conventional pixels operating at a low-voltage supply, which are characterized at shorter integration time [4] , [5] , [7] . Since the dynamic range of the pixel structure is inversely proportional to the integration time [10] , [12] , the proposed pixel can show the more improved dynamic range in the application with the shorter integration time. The major factor in achieving the high dynamic range from the proposed pixel is found to be the sig- nificantly increased well capacity (Q well ) due to the optimized photogate pixel design as characterized by the large C int shown in Fig. 2 . The inset shows the measured cumulative probabilities of dark signal and pixel sensitivity at an illumination intensity of 200 lx for the case of V PG = 0.9 V. The measured average dark signal at V PG = 0.9 V is 6.12 mV/s at 25
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• C. This corresponds to a dark current density of 0.06 nA/cm 2 , which is 1.5 times lower than that of the previous other structures due to the optimized photogate layout design [4] - [7] . The measured average sensitivity at V PG = 0.9 V is 0.69 V · lx −1 · s −1 , which is comparable to other results [4] - [6] , [11] . Fig. 3 shows the measured output voltage waveform at V PG = 0.9 V for the typical case of t int = 700 µs at illumination levels of 200, 700, and 1000 lx. As shown in Fig. 3(b) and (c), the new pixel structure does not reach the saturation level even at the high illumination level of 700-1000 lx due to the self-adaptive nonlinear characteristics and shows saturation at 1000 lx [10] . The effects of pixel-to-pixel variation and fixed pattern noise can be compensated by using additional calibration circuitry and technique [10] , [14] , [15] . Fig. 4 shows the measured output voltage level versus light illumination intensity for the case of t int = 700 µs at V PG = 0.9 V. The dynamic range and voltage swing range of the proposed pixel structure are characterized and measured in the overall performance response including the linear and nonlinear regions as for the cases of CMOS image sensors based on an adaptive operation, such as logarithmic and linear-logarithmic pixel sensors [9] , [16] . As shown in Fig. 4 , the measured results for the new pixel structure demonstrate an output voltage swing range as large as 0.41 V due to the reset operation based on the pMOSFET structure [6] . These results clearly show that the new pixel structure is capable to operate at a sub-1-V supply of 0.9 V with a large output voltage swing range. The pMOSFET structure shared in each row of the new pixel structure, which results in the increased output voltage swing range, is characterized to introduce a signal delay of about 0.3 ps in the reset operation between adjacent pixels at the same row. The effects of reset signal delay may need to be considered in the case of high-resolution image sensor applications but insignificant for other general applications of slow moving picture and still images with a long integration time in the range of 700 µs. The overall performance characteristics of the new proposed pixel structure are summarized in Table I . The results demonstrate that the new self-adaptive pixel structure based on the pMOS reset operation provides the large output voltage swing range with a dynamic range of 86 dB, which is the highest dynamic range among the previously reported pixel structures operating at sub 1 V [4] , [5] , [7] .
IV. CONCLUSION
A new photogate pixel structure with a pMOSFET used as the reset transistor was proposed based on the standard CMOS logic process. At a low supply voltage of 0.9 V, the new pixel provides a wide output voltage swing range of 0.41 V due to the pMOS reset operation. In addition, at an optimal photogate bias voltage of 0.9 V, the new pixel structure demonstrates the high dynamic range of 86 dB due to the employed self-adaptive photosensing operation. The results demonstrate that the proposed photogate pixel structure is very promising for low-voltage and high-dynamic-range CMOS image sensor applications.
